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Background: The pleckstrin homology (PH) domain,
which is approximately 100 amino acids long, has been
found in about 70 proteins involved in signal transduc-
tion and cytoskeletal function, a frequency comparable to
SH2 (src homology 2) and SH3 domains. PH domains
have been shown to bind the y-subunits of G-proteins
and phosphatidylinositol 4,5-bisphosphate (PIP,). It is
conceivable that the PH domain of 3-spectrin plays a
part in the association of spectrin with the plasma
membrane of cells.
Results: We have solved the solution structure of the
122-residue PH domain of Drosophila 3-spectrin. The
overall fold consists of two antiparallel -sheets packing
against each other at an angle of approximately 60 to
form a 3-sandwich, a two-turn oa-helix unique to spectrin
PH domains, and a four-turn C-terminal a-helix. One of
the major insertions in 3-spectrin PH domains forms a
long, basic surface loop and appears to undergo slow
conformational exchange in solution. This loop shows big
spectral changes upon addition of D-myo-inositol
1,4,5-trisphosphate (IP 3).
Conclusions: We propose that the groove at the outer
surface of the second 3-sheet is an important site of
association with other proteins. This site and the possible
lipid-binding site can serve to localize the spectrin net-
work under the plasma membrane. More generally, it has
to be considered that the common fold observed for the
PH domain structures solved so far does not necessarily
mean that all PH domains have similar functions. In fact,
the residues constituting potential binding sites for ligands
or other proteins are only slightly conserved between
different PH domains.
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Introduction
Pleckstrin homology (PH) domains have been found in a
variety of proteins involved in signal transduction and
cytoskeletal functions [1-5]. They contain ca. 100 amino
acids with very low sequence identity and are recognized
by conserved blocks of hydrophobic residues. Because PH
domains contain few conserved residues (only one invari-
ant residue among the known sequences, TrpllO in the
PH domain from Drosophila -spectrin) and are small, they
are unlikely to be catalytic domains. Two alternative
explanations of their function have been advanced.
One explanation suggests that PH domains generate
protein-lipid interactions, a hypothesis that is based on
the structural similarities of the pleckstrin N-terminal
PH domain and lipid binding proteins [6]. Indeed, an
apparent dissociation constant of ca. 30 1tM has been
measured between phosphatidylinositol 4,5-bisphosphate
(PIP 2) and the pleckstrin N-terminal PH domain [7].
A second explanation suggests that PH domains mediate
protein-protein interactions in a manner analogous to
SH2 (src homology 2) and SH3 domains [8,9]. Specifi-
cally, the positions of the PH domains in 13-adrenergic
receptor kinase and in phospholipase C, as well as the
manner in which the activity of these two proteins are
regulated, has led to the hypothesis that their PH
domains mediate receptor G-protein interactions by
providing the binding site for G-protein y-subunits
[4,10]. Recent biochemical studies have found evidence
that different PH domains bind to the G-protein
[3y-complexes [11] and that the PH domains of
3-adrenergic receptor kinase (3ARK) and of 3-spectrin
bind to the 3 subunits and not the y subunits of bovine
Go3y [12]. Whether such interactions play a role in the
association of the PH domain-containing region of
spectrin with the plasma membrane [13,14] is unknown.
But, bearing in mind that much of the signal transduc-
tion in a cell occurs close to the plasma membrane, and
that G-protein P3y-subunits are anchored to the mem-
brane by isoprenyl groups [15], it is clear that the PH
domains of membrane skeleton proteins such as spectrin
are ideally positioned to interact with membrane bound
G-protein P3y-subunits.
Because G-protein y-subunits play an important role in
cell regulatory processes [16-18], understanding the struc-
ture of the binding sites for these subunits will provide
insight into the mechanism of signal transduction. The
structures of the PH domains of pleckstrin (Plk-N PH),
dynamin (DynPH) and mouse brain 13-spectrin (MspPH)
have been determined by NMR [6,19-21], and the
DynPH domain structure has also been solved by crystal-
lography [22,23]. Here we present the solution structure of
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the PH domain from Drosophila 13-spectrin (DspPH),
compare it with other PH domain structures, present the
results of a preliminary IP 3 binding study and propose an
interaction site with G-protein 13y-subunits. We conclude
that the interactions with membrane-anchored G-protein
13y-subunits and with the lipid head groups of the plasma
membrane function together with protein 4.1 and ankryin
to localize the spectrin network at the cell membrane [24].
Results and discussion
DspPH contains 122 amino acids. The 1H assignments
were achieved following standard two-dimensional (2D)
NMR techniques [25,26] combined with the partial
heteronuclear spectral information. The secondary struc-
ture of DspPH is shown in Figure 1. Of the 1267
NMR-derived restraints used in the structure calculations
(Table 1), 1087 NOE distance restraints were obtained
from 2D 1H homonuclear NOESY (nuclear Overhauser
enhancement spectroscopy) acquired from a 2 H20 sample
and a 1H2 0 sample at a field strength of 750 MHz
with mixing times of 60 ms and 100 ms, respectively.
Dihedral angles and hydrogen bonding information were
from 1 5 N-edited heteronuclear spectroscopy and 2D
DQF-COSY(double quantum-filtered correlated spec
troscopy). From the calculated structures, 15 converged
structures were selected that had the smallest restraint
violations and least unfavorable van der Waals contacts.
Evaluation of calculated structures
For the 15 best structures no residual NOE distance
violations exceed 0.4 A. The mean structure of the
ensemble was calculated by averaging the atom positions
of the ensemble after superposition of the backbone
nuclei (N, Ca , and C') of residues 10-19 (1), 33-39
(12), 43-47 (133), 50-56 (al), 65-69 (4), 73-76 (5),
86-90 (6), 96-101 (7) and 105-118 (a2) which are
regular secondary structure elements and well defined by
NMR data. A plot of NOE distance restraints vs
sequence is presented in Figure 2a. The plot of the aver-
age rms deviations (<RMSD>) to the mean structure as
a function of the sequence (Fig. 2b) indicates that the
NMR data define the structure of this spectrin PH
domain reasonably well and clearly shows an inverse
correlation with the NOE distance restraints (Fig. 2a).
For regions of regular secondary structure, the average
rms deviations of the backbone nuclei (N, Ca , and C')
from the mean structure are below 0.5 A (Fig. 2b). Four
Fig. 1. Secondary structure of DspPH.
Double-headed arrows indicate protons
connected by assigned NOE cross-
peaks. Dashed lines indicate hydrogen
bonds derived by the slow proton
exchange rates and interstrand NOEs.
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regions of nonregular secondary structure show
backbone deviations from the mean structure of >1 A;
these are the N- and C-termini (residues 1-7 and
119-122), the 1/32 loop (residues 20-32) and the
[35/36 loop (residues 77-85).
Another measure of the precision of the ensemble of
structures is the angular order parameter, S(angle) [27].
Precisely determined dihedral angles are characterized by
S(angle) values close to unity. In general, the residues with
higher order parameter values exhibit lower rms deviations
from the mean structure and are defined by a large number
of NOE restraints. Regions identified as 3-strands or
Fig. 2. (a) Plot of number of NOE
restraints vs sequence number. (b) Plot
of the average RMS deviation
(<RMSD>) per residue for the 15 best
structures. The solid line gives the
<RMSD> as a function of sequence for
the backbone atoms N, C, C'. The dot-
ted line gives the <RMSD> for all heavy
atoms in the residue. (c) Top panel: plot
of the average dihedral angles and )
vs sequence. The solid line represents
the 4 angles and the dotted line kp. At
the top of the panel, the secondary
structure is represented with arrows for
-strands and open boxes for a-helices.
Lower panels: histograms of the angular
order parameters, S (angle), of the (4 and
q) angles of the structure ensemble vs
sequence number.
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Table 1. Summary of restraints used in structure calculations.
Restraint type No. of restraints
All 1267
NOE distance restraints 1087
Intra-residue 106
Inter-residue sequential (I i-j 1=1) 366
Inter-residue medium range (1<1 i-j 1 4) 231
Inter-residue long range (I i-j 1>4) 384
Hydrogen bond distances 76
Dihedral angles 104
(C'(i-1) - Ni - C i d-C'j) 66
X (NiC - ac -C Ci) 38
70 80 90 100 110 120
-II.
11 II
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Fig. 3. (a) Ribbon diagram of one of the
15 best structures of DspPH. The view is
the same as in (b). Residues corre-
sponding to the beginning and end
of the regular secondary structure and
the N-terminus are labeled. This dia-
gram is generated with the program
MOLSCRIPT [41]. (b) Stereo representa-
tion of the 15 best structures of DspPH.
Structures are aligned by superimposing
the N, C and C' atoms of residues
10-19, 33-39, 43-47, 50-56, 65-69,
73-76, 86-90, 96-101, 105-118. All
backbone heavy atoms are shown.
ot-helices show the angles characteristic of these secondary
structures (Fig. 2c). The order parameters for both 
and in these regions are generally above 0.9, indicating
one consistent conformation in all 15 structures.
The DspPH domain structure is shown as a ribbon
diagram in Figure 3a. The quality of the structures can
be best visualized by inspection of Figure 3b, which
displays one stereo view of the superposition of the
backbone atoms of residues in regular secondary struc-
ture for the 15 best structures. The average rms devia-
tion of these residues about their average backbone
coordinate positions is 0.58±0.12 A. Superposition of
backbone atoms in residues 9-19, 33-118 (the com-
plete protein sequence excluding the unstructured
N- and C-termini and the 1/32 loop) has an
<RMSD> from the mean structure of 0.76+0.19 A.
For all heavy atoms in regular secondary structure
elements, the <RMSD> is 1.03+0.17 A.
In general, all structures exhibit good covalent geometry.
The Ramachandran plots for all residues in the 15 struc-
tures are superimposed in Figure 4a. The majority of the
dihedral torsion angles lie within energetically favorable
regions. When only those residues with angular order
parameters for both 4 and qp larger than 0.9 are plotted,
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packing against each other at an angle of approximately
60° . The first 3-sheet comprises the first half of 31 and
the full length of 132, 33 and 34 in the N-terminal half
of the protein sequence (residues 10-15, 33-47 and
65-69); the second 13-sheet contains the second half of
131 and three strands from the C-terminal half of the
protein: 35, 36 and 37 (residues 16-19, 73-76, 86-90
and 96-101). The C-terminal a-helix, ao2, has four
turns and flanks one edge of the interface between the
two sheets. The short two-turn a-helix between 33 and
134 (al) lies closer to the other edge of the sheets and
sticks out into solution.
The hydrophobic core consists of residues Va114 of 31;
Met37 and Ala39 of 132; Ile44 and Phe46 of 33; Tyr67
and Leu69 of 34; Ile74 and Ile76 of 35; Leu87 and
Val89 of 136; Phe97 and Leu99 of 37; and TrpllO,
Leull14 and Serl18 of the C-terminal helix a2. All of
these residues are well conserved hydrophobic residues
among all known PH domains. Trpll0, the only invari-
ant residue, is located in the middle of the C-terminal
helix a2. Its side chain contributes most significantly to
the core of the protein, making close contacts with
residues HislO-Vall4, Met37-Ala39, Leu99, AlalOl and
Leull114 (Fig. 5). As a result it has the most NOE
restraints among all 122 residues in the structure calcula-
tions (Fig. 2a). Thus, the structures of DspPH make it
clear why the invariant Tyrl10 has been strictly con-
served and why the hydrophobic character of the other
core residues listed above has been sustained in the course
of evolution. The conservation of Tyrl10 appears to be
purely structural. It fills the space between the strands 31,
32, P37 and the helix ao2.
Fig. 4. Ramachandran plot for (a) all , angles for the 15 struc-
tures and (b) only residues with the two angular order parameters
above 0.9.
the number of ,q values located within energetically
unfavorable regions decreases sharply (Fig. 4b) and posi-
tive angles are eliminated. Thus, none of the well-
defined regions contains positive 4 angles.
Description of Drosophila 13-spectrin PH domain structure
The DspPH domain structure consists of seven 3-strands
(131-137) and two oa-helices (otl and a2). The schematic
diagram of the polypeptide fold presented in Figure 3a
reveals that the protein folds into a 13-sandwich with
helices resting at opposite edges of the 13-sheets. The
seven 3-strands (1-7) form two antiparallel 3-sheets
The N- and C-termini of DspPH are both unstruc-
tured. They are close to each other, about 11 A apart
(Gly 9 NH to Ala119 C'). This is a general structural
feature of the homology domain families [8,9] and is
consistent with the ability of these domains to be
inserted at different positions in a host protein. The
3P1/2 loop (residues 20-32) represents a unique insert
in the spectrin PH domains not found in other PH
domains. It is very basic, largely unstructured, and
appears to undergo slow conformational exchange. This
is consistent with the difficulties in assigning this seg-
ment. To date, we have not been able to assign three
residues in this loop (Lys26, Ala27 and Arg30), which
may have exchange-broadened resonances. For the
other assigned residues in this loop we see only very
few inter-residue NOEs. This loop is also ill-defined in
the MspPH domain structure [19].
Comparison with other PH domain structures
The global fold of DspPH is virtually the same as the
independently determined structures of PH domains
from pleckstrin [6], mouse brain 13-spectrin [19] and
dynamin [20-23]. The similarity is especially remarkable
given the sequence divergence among all of the PH
domains. The DspPH domain shows only 17% and 14%
sequence identity to the Plk-N PH and DynPH
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Fig. 5. Stereo representation of the part of
the protein core where Trp 10 side
chain resides. Residue Glu106 is also
included because of its close proximity
to Trpl 10. Side chains of residues
Vall4, Met37, Ala39, Leu99, AlalO1,
Glu106 and Leu114 are close to Trpl 10
and are displayed. Backbone segments
and side chains which show NOEs to the
Trp1 10 indole ring are displayed in pink.
Others are in black. The figure was gen-
erated by superimposing the backbone
atoms of residues 10-19, 33-39, 43-47,
50-56, 65-69, 73-76, 86-90, 96-101,
105-118 in the 15 best structures.
domains, respectively. At these low levels of identity,
structural homology cannot be presumed [28].
When the residues in regular secondary structure
elements are superimposed, the backbone RMSD is
1.87 A between the DspPH and the DynPH mean
structures and 1.94 A between the DspPH and the
MspPH mean structures. (The residues superimposed
are, in DspPH domain: 10-15, 34-49, 44-47, 66-68,
73-76, 86-90, 97-101, 105-116; in MspPH: 1-6,
25-30, 35-38, 55-57, 62-65, 75-79, 86-90, 94-105; in
DynPH: 14-19, 32-37, 42-45, 56-58, 63-66, 77-81,
95-99, 103-114). Therefore the structures have similar
overall fold with small difference in the relative arrange-
ments of the 3-strands and ot-helices.
The DspPH and MspPH domains share 42% sequence
identity and their structures closely resemble each other,
with the same secondary structure elements at equivalent
sequence positions, except that the lengths of some of
the 1-strands and 0o-helices differ by one or two residues.
The most pronounced sequence difference between the
DspPH and MspPH domains lies at the end of helix ol,
where there is a two-residue gap in the MspPH sequence
at the positions equivalent to residues 57 and 58
of DspPH (Fig. 6). The sequences in the neighborhood
of this gap show considerable variability (Fig. 6),
consequently oal, 33 and 34 are in slightly different posi-
tions relative to the protein core in the two structures.
The short helix oil is present only in the two spectrin
PH domains. It is outside of the protein core and
solvent-exposed. The PH domain in phospholipase
Cy (PLCy) has, at the same position in place of otl, an
insertion containing two SH2 domains and one SH3
domain. It can be assumed that this will not disrupt the
structural integrity of the PLCy PH domain.
Possible interaction model with other molecules
In the DspPH sequence, the residues equivalent to those
in Plk-N PH that exhibit chemical shift changes upon
interaction with PIP2 [7] are in the second half of 31,
the beginning of 32, the second half of 33 and the
beginning of 134 (Fig. 3a). They are all in the N-termi-
nal half of the DspPH domain and are located at the
open edge of the 3-sandwich opposite to the one closed
by the C-terminal helix ox2. This open edge of the
13-sandwich together with the ill-defined basic loop
which is unique to the spectrin PH domains (residues
20-32 in DspPH) could provide an adequate binding
site for lipid molecules. The opening of this pocket has
the size of about 8.5 A x 9 A.
Fig. 6. Primary sequence alignment of all PH domains with known solution structures. The alignment was generated by software pack-
age GCG (Genetics Computer Group, Inc.). The residue numbers are based on the DspPH sequence. Segments shaded in yellow are
13-strands (1-137), and in green are a-helices. In the DspPH sequence, the residues in bold are the core residues - well-conserved
hydrophobic residues in this homology family.
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However, there has been no experimental evidence yet
for PIP2 binding of spectrin PH domains. Since
Harlan et al. [7] showed that PIP2 binding of Plk-N PH is
mediated by ionic interactions, not by an insertion of the
lipid chain into the incomplete -barrel, as opposed to
the original proposal [6], we carried out a binding study
of DspPH with D-myo-inositol 1,4,5-trisphosphate (IP3).
The backbone amide 1H and 15 N chemical shifts of
DspPH were followed as a function of added IP3, as
described in the Materials and methods section. Upon
addition of IP3, we observed both systematic chemical
shift changes and the appearance of new peaks, suggest-
ing a multimode interaction between DspPH and IP3 on
NMR time scale. The major systematic chemical shift
changes are observed for the latter half of 31, 1/32
loop, the beginning of 32, 35, 5/36 loop, and 136,
with Argl6, Lysl7, Hisl8, Trp23, Lys25, Ser28, Lys34,
Thr81, Lys82, Lys83, Leu87 and Arg88 exhibiting the
largest changes. The biggest amide proton chemical shift
change is 0.14 ppm for Hisl8; the biggest change of
amide nitrogens is 1.03 ppm for Thr23. The big chemi-
cal shift changes observed in the latter half of 131 and
131/32 loop are consistent with the report on lipid bind-
ing in Plk-N PH [7]. Therefore, the open edge of the
13-sandwich in DspPH mentioned above, especially at
the 131, 32 and 31/32 loop side (Fig. 3a), appears to
interact with the IP3 molecule. Experiments with six
concentrations of IP 3 were carried out. The chemical
shift changes were usually more than 85% complete at
400 M IP 3. Thus, the dissociation constant for this
binding mode is probably in the pIM range. However, in
addition to the large chemical shift changes for residues
in 131, 31/132 loop and 132, we also observe major,
though smaller, changes of chemical shifts for residues in
35/36 loop and 136 as listed above, in particular for basic
residues there. These changes can very well be from
nonspecific interactions since this region is highly basic
and solvent exposed. However, we cannot rule out the
possibility that IP3 binds at this part of the protein.
Furthermore, upon addition of IP 3, splitting of NH
cross peaks and the appearance of a number of new
peaks are readily observable. These observations indicate
that IP3 may bind in different modes. The nature of
these modes and the specificity of the binding need to
be established by more studies.
The PH domain of 3-adrenergic receptor kinase
(PARK) overlaps with the region which was shown to
be responsible for the interaction with G-protein
[y-subunits [4]. The G3Py binding region of 13ARK, a
putative -helix at the C-terminus, has been proposed to
form a triple-helical coiled coil interaction with the
a-helical coiled coil dimer formed by the N-termini of
GP13 and Gy [29]. However, a recent study [12] has shown
that PH domains bind to the C-terminal region of the
transducin 3-subunit containing the seven WD40-repeats
but not the putative N-terminal helical region. Further-
more, the C-terminal region of 13ARK that has been
shown by mutagenesis to interact with G-protein
3y-subunits overlaps with and extends beyond the
C-terminal region that forms the a2 helix in other PH
domains [29]. All these observations taken together do
not support the coiled-coil interaction model.
Lefkowitz and colleagues have shown that the C-terminal
half of the Ras-GRF PH domain and the PLCy PH
domain (ca. 100 residues) are responsible for binding to
G-protein 3y-subunits [11]. The C-terminal half of these
PH domains is equivalent to 34 in the first 3-sheet, the
entire second 3-sheet and the C-terminal helix of the
DspPH domain. In the DspPH structure, hydrophobic
residues Ala73, Val86, Ala92, Leu96 and Leu98 on the
outer surface of the second 3-sheet are solvent-exposed,
and several charged side chains (such as Lysl7, Glu75,
Arg88 and Lys90) also gather on this surface. This surface
together with the ill-defined 31/32 loop and 35/136 loop
forms a groove (Figs 7 and 8) with the exposed
hydrophobic side chains and charged side chains lying at
its bottom. Considering the structural data and the afore-
mentioned experimental evidence, we suggest that this
groove could be the interaction site between PH domains
and the G-protein 3-subunit, or some other protein mol-
ecule, through hydrophobic interactions enhanced by
Fig. 7. A stereo view of the superposition
of the 15 DspPH structures. At the top is
the groove formed by the outer surface
of the second [3-sheet and the ill-defined
131/12 loop and 5/16 loop. At the right,
at the open edge of the -sandwich is
the proposed PIP2-binding pocket. All
backbone heavy atoms are shown.
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inhibitor of factor Xa. In all three cases, the active site is
on topologically different positions of the protein motif.
Thus, it remains to be seen whether PH domains have
similar or diverse functions.
Biological implications
The cellular function of the pleckstrin homology
(PH) domains found in many cytoskeletal and
signal transduction proteins is still unclear. It is of
great interest to find out what role the PH
domains play in vivo. Knowledge of the molecular
conformation of the PH domain can assist the
understanding of its function.
Fig. 8. Head-on view of the molecular surface of DspPH into the
groove on the outer surface of the second 3-sheet, color coded
by electrostatic potential. The positive electrostatic potential is
shown in blue, the negative in red, and the neutral in white.
The 131/2 loop is at the bottom, the 35/136 loop is
at the top, and in between is the groove at the outer surface
of the second -sheet. The figure was generated with the
program GRASP [42].
ionic interactions between charged side chains. This
groove is also present in the other PH domain structures
solved so far. However, there is no direct experimental
evidence for the involvement of this groove in the PH
domain/GI3y interactions; to date only the constructs
corresponding to the PH domain C-terminus and beyond
have been tested and shown to be involved.
For the spectrin PH domains, the proposed binding sites
for IP 3 and for G-protein y-subunit are adjacent to
each other (Fig. 7). Meanwhile, in view of the IP 3 bind-
ing study described above, it is also possible that both
G-protein [y-subunit and IP 3 bind in this groove, with
G-protein 3y-subunit binding into the groove and IP 3
interacting at the outside with the [35/36 loop. In the
special case of spectrin, these interactions may be con-
certed to localize the spectrin network beneath the
plasma membrane, by binding at the same time to lipids
in the plasma membrane and to membrane-anchored
G-protein 3y-subunits.
More generally, it has to be considered that the common
fold observed for the PH domain structures solved so far
does not necessarily mean that all PH domains have simi-
lar functions. An example of diverse functions of a struc-
tural module is the leech antihemostatic protein (LAP)
motif [30]. This structural motif is found in hirudin, an
inhibitor of thrombin, in decorsin, an antagonist of the
integrin glycoprotein IIbIlla, and in antistasin, an
In spite of the divergent sequences among
different PH domains, all of the known
three-dimensional PH domain structures show a
similar global fold [6,19-23], with two antiparallel
9-sheets forming a -sandwich, and one long
C-terminal a-helix. In the spectrin PH domains
(DspPH and MspPH), there is another short
ea-helix between 3 and 4.
Based on our structural data and preliminary IP3
binding study, we propose both an interaction site
with other protein molecules and a site for IP3
binding. The PH domain in the spectrin molecule
may function as a membrane localizer. Our inter-
action model needs to be confirmed by more
functional studies on PH domains.
We believe that the intensive structural and
functional studies on PH domains will lead to the
elucidation of its cellular function(s) in the near
future. Because of the divergent sequences in this
homology domain family, it remains to be seen
whether all PH domains have similar functions or
whether there is functional diversity. The almost
identical global folds of several PH domains are
punctuated by inserted sequences which give each
homologue unique characteristics.
Homologous PH domains derived from different
proteins have almost identical global folds in spite
of their few invariant residues and surprisingly
divergent sequences. Comparative studies of PH
domain structures will provide more information
on the relation between primary sequences and
the structural and functional properties of protein
molecules in general. This will help in the under-
standing of protein folding, a fundamental
biochemical question.
Materials and methods
Protein expression purification and sample preparation
The PH domain of Drosophila -spectrin was subcloned into
pGEX-2T expression vector and sequenced. The peptide
sequence of DspPH starts from the fourth residue Gly as listed
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in [3]. For effective digestion of the PH domain from the
expressed glutathione S-transferase (GST) fusion protein by
thrombin, four additional residues G1, S2, G3 and T4 were
added at the beginning of the sequence. The last residue in the
sequence in [3] (Val) was not included. The protein expressed
from this construct has 122 residues.
The DspPH domain was produced in Escherichia coli cell strain
DH5. Transformed cells were grown to an OD59 5 of 0.6-0.8,
and the expression of the fusion protein was induced with lmM
IPTG (isopropyl-3-D-thiogalactopyranoside) for six hours at
250C. Harvested cells were suspended in buffer containing 1%
Triton X-100, and were lysed by a French press. After centrifu-
gation, the supernatant was incubated with glutathione-
sepharose beads for 15 minutes at 40C rotating. Then the beads
were washed extensively, and the beads with bound GST-PH
domain fusion protein were cleaved twice with 60 units of
thrombin per 10ml of beads each time. The released PH domain
was further purified by a Mono S column (Pharmacia) (the
isoelectric point of DspPH is 9.91) equilibrated with buffer
containing 50mM sodium phosphate buffer. Bound proteins
were eluted with a 50mM-1.05M salt gradient. Fractions con-
taining the PH domain were concentrated with Centriprep-10
(Amicon Division, W.R. Grace & Co., Beverly, Massachusetts).
Finally the pure protein was exchanged into 20mM sodium
phosphate buffer, pH 6.5 and further concentrated to -500p1 at
the same time by dialysis. The NMR sample was judged to be
more than 95% pure by SDS-PAGE (data not shown).
To label protein with '5N and 13C isotopes for spectroscopy,
cells were grown in minimal medium with 13C-glucose
(Isotec, Miamisburg, Ohio) as the sole carbon source and
'
5NH 4CI (Isotec) as the sole nitrogen source [31]. The
purification of labeled-PH domain and NMR sample
preparation were the same as described above.
NMR spectroscopy and data analysis
NMR measurements were performed on AMX500, AMX600
(Bruker, Karlsruhe, Germany), VXR500, UNITY500 and
UNITYPlus750 (Varian, California, U.S.A.) spectrometers at
25°C. Data were processed either on a Sun Sparc Station 2 or
a Silicon Graphics 4D/35 Personal Iris using the Felix
software package (Hare Research Inc., Bothell, Washington).
The processed spectra were analyzed using the XEASY
software package [32].
Sequential Assignments for DspPH were obtained mainly
from two-dimensional (2D) H-15N HSQC, three-dimen-
sional (3D) '5N-edited NOESY-HSQC and TOCSY-HSQC
acquired from 1.5mM uniformly 15N-labeled PH domain
sample, assisted by triple-resonance experiments HNCA,
HNCOCA, HNCO and HCACO acquired from 1.3mM
uniformly 13C, 5N-labeled sample. Due to the instability of
the protein which degrades over approximately six weeks, not
all sequential assignment could be obtained from triple-
resonance experiments.
In order to obtain a sufficient number of restraints to define the
tertiary structure of DspPH, it was necessary to assign the
proton resonances of the side chains. Aliphatic and aromatic
side chain protons were assigned from a combination of 3D
'H-' 5 N heteronuclear experiments, and 2D 1H spectra such as
DQF-COSY, TOCSY, and NOESY recorded from 2mM
samples of unlabeled PH domain dissolved in 90% 1H20 or
99.9% 2HO.
The torsion angles of DspPH were determined by measuring
the 3 JHNa coupling constants from an HNHA spectrum of
DspPH [33]. This quantitative approach allowed 62 3JHNa
coupling constants to be measured precisely. Diagonal and
cross-peaks were integrated in the H-1H plane of maximum
intensity. The backbone torsion angle was restrained to the
range -90 ° to -20 ° for 3JHNa <5.5Hz, -180 ° to -60 ° for 7Hz<
3JHNa <8Hz, -170° to -70° for 8Hz < 3JHN <9Hz, -160 to
-80 ° for 3JHNa > 9Hz. In addition, the b torsion angle was
restrained to negative values (-180° to 0) for 13 residues
whose amide proton gave clearly a more intense NOE cross-
peak to the proceeding residue's 1H' proton than the NOE to
its own 1Ha proton.
The side chain X1 torsion angle was restrained based on the
qualitative estimate of the Ha-H coupling constant (3JH H)
as large or small from the DQF-COSY spectrum, and the
estimate of amide nitrogen to H3 coupling constant (3JNH) as
large or small from the HNHB experiment [34]. Stereospecific
assignments for methyl groups of valine residues were obtained
from intraresidue NOEs and 3JHaHP, 3JNHP estimates.
Interproton distances used as restraints in the structure
calculations were all obtained from 2D homonuclear NOESY
spectra acquired at 250C at a field strength of 750MHz from a
2H20 sample and a 'H2O sample with mixing times of 60ms
and l00ms, respectively. The analysis of 2D homonuclear
NMR data to obtain H assignments as well as interproton dis-
tances was hampered by resonance overlap for proteins of this
size. These difficulties were reduced by recording spectra at
higher field strength, i.e. 750MHz.
The calibration of NOE-crosspeak intensities to distances is
carried out in the following way: the NOE crosspeaks were
integrated in XEASY using the elliptical integration mode.
NOE intensities derived from the HO spectrum were
calibrated by using the strongest sequential HaHN NOE cross-
peaks that correspond to a distance of 2.2 A by assuming a trans
peptide group [35]. For NOEs obtained from 2 H20 spectrum,
the fixed distance between the tyrosine o and E protons (1.8 A)
was used to calibrate the NOE intensities. For all NOEs that
did not involve a methyl group, the calibration was carried out
by assuming that the intensity of the NOE crosspeaks is
proportional to r-6. This proportionality is strictly true only if
the two protons are rigidly fixed with respect to each other in
molecule, and if the molecule is undergoing isotropic rota-
tional motion. Protons in a methyl group undergo rotational
motion that is fast compared to the time scale for observation
of NOEs. Therefore, for NOEs involving methyl groups, the
uniform averaging model [36,37] was used to calibrate the
NOE intensities. This model assumes that NOE intensity is
proportional to r..-5, and is a better model than the rigid-
isotropic tumbling model for describing the observed distance
dependence of NOE intensities involving methyl groups [36].
Pseudo-atom corrections were applied to distances involving
methylene and methyl hydrogen atoms and to distances
involving the aromatic hydrogens of tyrosine and
phenylalanine residues [38,39].
Structure calculations
The distance geometry (DG) algorithm implemented in the
NMR refine module of the INSIGHTII software package
(BIOSYM Technologies, San Diego) was used for the structure
calculations. A total of 1267 NMR-derived restraints were used
in the structure calculations as summarized in Table 1. 38
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hydrogen bonds with two restraints for each were assigned for
regions of regular secondary structure. The lower and upper
bounds were 1.80 A and 2.30 A for HN-O distances and 2.50 A
and 3.30 A for N-O distances. Hydrogen-bonded NH groups
were identified first by the presence of slowly-exchanging NH
groups when the PH domain proteins were transferred from
90% 1H,0 to 99.9% 2 H,O solution. After initial structure
calculations, a total of 38 backbone hydrogen 'bonds were
included which are consistent with the pattern of inter-residue
NOEs for regular secondary structure elements.
The structure calculations by DG methods included bounds
smoothing in which triangular inequality distance limits are
determined. Random distance matrices that satisfy the tri-
angular inequality limits were determined by randomized
metrization and coordinates with appropriate distances are
obtained and optimized by angular embedding and majori-
zation procedures in 4D. Structures are optimized in 3D by
simulated annealing and conjugate gradient minimization
procedures as described by Havel [40].
For structure optimization by simulated annealing algorithm
in DGII, an initial energy of 4,500 kcal/mol with a time step
of 0.35 ps gave converged structures with final DG error less
than 1.0; the 15 best structures have the smallest final DG
errors among all the converged structures. The coordinates of
the 15 best structures have been deposited in the Brookhaven
Protein Data Bank (access code 1DRO). Analysis of the struc-
tures are by INSIGHTII software and personal FORTRAN
and C programs.
IP3 titration experiments
The D-myo-inositol 1,4,5-trisphosphate (LC Laboratories,
Woburn, Massachusetts) titration was performed with a
0.78mM lSN-labeled DspPH sample. Chemical shift changes
were monitored with 2D 15N-HSQC experiments, run with
32 scans and 256 t increments. Small amounts of IP3, dissolved
in 20mM phosphate buffer (pH 6.5), were added to the sam-
ple. At every IP 3 concentration titrated (50 IlM, 100 J.M, 200
pM, 300 M, 400 JAM and 1.8mM), shifting, splitting of native
peaks and appearing of new peaks are readily observable in the
t1 N-HSQC spectrum, suggesting a complex multimode inter-
action between DspPH and IP3. After data acquisition for
1.8mM IP 3 concentration, the protein sample was diluted to
2ml and dialyzed at 40C against 2L 20 mM phosphate buffer
(pH 6.5) overnight, changing to fresh phosphate buffer every 5
hours. After dialysis, the protein sample was concentrated to
500 pI by ultrafiltration (Amicon Division, W.R. Grace & Co.,
Beverly, Massachusetts). The 15N-HSQC spectrum of the
protein sample after dialysis revealed that the protein still has
IP 3 molecules bound.
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